1. Introduction {#S1}
===============

Exposure to nerve agents (NAs) and other organophosphates (OPs) can produce prolonged repetitive seizures and status epilepticus (SE), a medical condition that causes high morbidity and mortality. NAs and other OPs irreversibly bind to the active site of acetylcholinesterase (AChE) and thus inhibit the degradation of the neurotransmitter acetylcholine, which then results in excess cholinergic activation ([@R1]). Centrally, excessive activation at muscarinic receptors by acetylcholine can initiate extended seizures ([@R16]), and these extended seizures can rapidly progress to SE which in turn produces marked neuronal death and mortality in animals ([@R4]; [@R11]; [@R24]; [@R29]; [@R52]).

The human pediatric population is thought to be more susceptible than adults to seizure development in general ([@R40]; [@R56]), and very young children (\<2 yr old) are more likely to experience SE than older patients ([@R46]). Children who were acutely poisoned with carbamates or OPs displayed characteristic peripheral and central symptoms of anticholinesterase intoxication, with convulsive seizures appearing in 8--30% of cases ([@R25]; [@R55]; [@R60]). Similarly, in animal models, results from studies in which the chemoconvulsants pilocarpine or kainic acid were administered to immature and adult rats suggested that seizure susceptibility and mortality are greater in younger animals than they are in adults ([@R3]; [@R9]; [@R35]; [@R51]; [@R58]). Conversely, seizure-associated neuronal injuries in response to these agents increase as the age of the animal increases ([@R9]; [@R17]; [@R39]). These data suggest that there are age-specific effects of NAs and other OPs. However, while age-related responses to other chemoconvulsant agents have been investigated ([@R9]; [@R17]; [@R39]), and there are also electrographic and neuropathological characterizations of acute NA and OP poisoning in adult rats ([@R11]; [@R12]; [@R28], [@R30]; [@R49]), characterizing the effects of these agents in immature animals has only just begun ([@R14]; [@R31]; [@R43]; [@R57]). As there are evident differences in the seizures of patients based on their age, therapies administered to adults many not be optimal for children ([@R5]; [@R37]). Therefore, an animal model of OP and NA exposure is required to evaluate the therapeutic efficacy of potential treatments in young individuals.

The current paper describes and validates age-appropriate models to evaluate OP- and NA-induced seizures in immature rats. Immature rat pups at postnatal day (PND) 14, 21, and 28, as well as adult rat controls (PND70), were administered the OP DFP or the NAs sarin or VX and then were examined for behavioral convulsions, electroencephalographic (EEG) evidence of seizure activity, and neuropathology. The results demonstrate that there is a strong relationship between age and both seizure susceptibility and neuronal damage, and that behavioral convulsive activity is not always predictive of EEG recorded seizures in immature animals.

2. Materials and methods {#S2}
========================

2.1. Animals {#S3}
------------

Pregnant Sprague-Dawley rats (at 13--15 days of pregnancy) were received from Charles River (Raleigh, NC); pups were delivered in the animal facility approximately 1 week following arrival of the pregnant female. Litters were culled to 8 or 10 pups to maintain consistent weights. Animals were kept on a 12-hr light-dark cycle and had access to food ad libitum. DFP administration was performed at the University of Utah, and NA administration procedures were performed at the U.S. Army Medical Research Institute of Chemical Defense (USAMRICD). All surgical and experimental procedures were performed under protocols approved by the respective Institutional Animal Care and Use Committees at the University of Utah and USAMRICD, and were conducted in accordance with the principles stated in the Guide for the Care and Use of Laboratory Animals (National Research Council, 2011) and the Animal Welfare Act of 1966 (P.L. 89--544), as amended.

2.2. Implantation of EEG electrodes {#S4}
-----------------------------------

### University of Utah {#S5}

Pups at PND12, 19, and 26, and adult rats at PND68 were anesthetized with 2.5--3% isoflurane and placed into a stereotaxic frame. An incision was made along the midline of the scalp to expose the skull. Burr holes were made using a high-speed dental drill. Electrode wires and the reference wire of the telemetric implant (Epitel, Inc., Salt Lake City, UT) were placed in the burr holes so that the wires were touching the dura, and were secured using cyanoacrylate gel compound with accelerator ([@R59]). The incision was sutured shut using dissolvable suture. Post-surgery, the animals received 0.5--3 ml lactated Ringer's solution and 0.1 ml marcaine (MWI Veterinary Supplies, Boise, ID) or 0.015 mg/kg (PND12) or 0.03 mg/kg (PND19, 26 and 68) buprenorphine (MWI Veterinary Supplies, Boise, ID). All surgical procedures were performed under sterile conditions. The pups were allowed to recover in a heated recovery chamber until conscious before being returned to their dam (PND 12) or to a new cage (PNDs 19, 26, and 68).

### USAMRICD {#S6}

In animals that were administered NA, EEG recordings were made with a tethered system using implanted three-channel electrodes (Plastics One, Roanoke, VA) for the PND14, 21, and 28 groups or three cortical stainless-steel screw electrodes secured to a connector plug implant for the PND70 group. Pups at PND12 (PND14 group), 19 (PND21 group), and 25 or 26 (PND28 group), and adult rats PND63 or 64 (PND70 group) were anesthetized with isoflurane (5% induction; 0.5--3.0% maintenance, with oxygen) and placed into a stereotaxic frame. An incision was made along the midline of the scalp to expose the skull. For the PND14, 21, and 28 groups, the electrode wires were scraped bare of insulation, coiled and positioned in a triangular fashion flush with the skull, and the headpiece was secured using glass ionomer cement (Instech Laboratories, Plymouth Meeting, PA) or methyl methacrylate fast curing acrylic resin (Lang Dental, Wheeling, IL). In addition, two miniature anchoring screws were implanted in the skull to secure the headpiece in PND21 and 28 animals. For the PND70 group animals, burr holes were drilled over each hemisphere midway between bregma and lambda and 3 mm lateral to the midline, and an additional hole was drilled over the cerebellum. Stainless steel screw electrodes were placed in the holes and connected to a miniature plug via wires previously soldered to the screws; the whole assembly was then secured using glass ionomer or methyl methacrylate. Incisions were closed with non-absorbable monofilament suture material. Immediately after surgery all animals received warmed Ringer's solution (0.5--2 ml, s.c.) and PND14 pups received 0.015 mg/kg buprenorphine (s. c.), while the PND21, PND28 and PND70 animals received 0.03 mg/ kg buprenorphine (s.c.), for analgesia. Animals of all age groups were placed in a heated recovery chamber until normal ambulation returned, and then were returned to their dam (PND14 group) or moved to a new cage (PND21, 28, and 70 groups).

2.3. NA and OP exposures and subsequent EEG recordings {#S7}
------------------------------------------------------

### University of Utah {#S8}

Rat pups that received DFP (Sigma-Aldrich, St. Louis, MO) were pretreated with 0.026 mg/kg pyridostigmine bromide (Sigma-Aldrich, St. Louis, MO) i.p. 30 min before DFP treatment to reduce the peripheral effects of the OP. DFP was administered s.c. in ice-cold PBS in doses as follows: PND14, 4.0--4.5 mg/kg; PND21, 4.5--6.0 mg/kg; PND28, 4.0--6.5 mg/kg; and PND70, 4.0--6.25 mg/kg. At least three different batches of DFP were used for these experiments. Their potency in the animals was varied, even when fresh. Furthermore, aliquots of DFP stored at −80 °C would lose potency over several months. This resulted in a range of DFP doses that were employed to produce the greatest probability of animals exhibiting electrographic seizures without causing excess mortality. An admixture of 0.1 mg/kg atropine sulfate (Sigma-Aldrich, St. Louis, MO) and 25 mg/kg 2-PAM (Sigma-Aldrich, St. Louis, MO) was given i.p.1 min after DFP administration to reduce respiratory distress. Behavioral responses were continuously observed for a minimum of 1 h following DFP administration in all age groups. EEG data were acquired using the Epoch™ wireless EEG system (Epitel, Inc., Salt Lake City, UT), and recording occurred for \>30 min before and 3 h following DFP treatment for PND14 rat pups, and 24 h following DFP treatment for the PND21, PND28 and PND70 animals. EEG signals were amplified in the transmitter and converted to a frequency-modulated signal that subsequently activated the receiver antenna located in the base, which was placed underneath each animal's cage ([@R59]). The EEG data were recorded and stored on a computer (Acqknowledge software, BIOPAC Systems, Inc, Goleta, CA) for subsequent analysis. Simultaneous video monitoring was performed using EZWatch pro, Version 3.1HD (Louisville, KY), a video surveillance system with infrared cameras.

### USAMRICD {#S9}

Rat pups of different ages were administered either sarin or VX s.c. The doses of sarin and VX were based on initial data (Wright, personal communication) from the [@R57] study who reported that PND14 and PND21 rats were more than 2.7 fold more sensitive to the lethal effects of sarin than older (PND28, PND70) animals, while the lethality of VX was far less varied across age groups. Within an age group the doses were then ranged up and down over successive animals in an attempt to elicit a high percentage of seizure responses yet minimize mortality with these highly toxic compounds. For sarin the following doses were used: PND14, 41.5--68.1 μg/kg; PND21, 88.9--142.5 μg/kg; PND28, 110.0--262.5 μg/kg; and PND70, 125.0--187.5 μg/kg. For VX, the following doses were used: PND14, 22.0--33.0 μg/kg; PND21, 19.9--34.5 μg/kg; PND28, 19.9--34.5 μg/kg; and PND70, 16.0--24.0 μg/kg. Animals then received 0.1 mg/kg atropine methyl nitrate (Wedgewood Pharmacy, Swedesboro, NJ) s.c. 1 min later. Animals received 25 mg/kg of 2-PAM (Sigma-Aldrich, St. Louis, MO) s.c. at the onset of behavioral signs of toxicity, typically 2--13 min after sarin administration and 7--23 min after VX administration. At the onset of electrographic seizure activity (3--22 min after sarin administration, 7--28 min after VX administration), animals received 0.1--0.45 mg/kg atropine sulfate (Wedgewood Pharmacy, Swedesboro, NJ) s.c. Behavioral observations were made continuously for 1 h following NA administration. EEG activity was recorded for a minimum of 30 min before NA administration as a baseline, for the 4 h following agent administration, and for 30 min at 24 h after agent administration if the animals survived. All EEG signals were recorded using CED 1902 amplifiers to display and record the EEG signals on a computer with Spike2 software (Cambridge Electronic Design, Ltd., Cambridge, UK).

2.4. Classification of electrographic seizure activity {#S10}
------------------------------------------------------

Animals were classified into one of three groups for electro-graphic seizure activity. The first group (SE) consisted of animals exhibiting continuous rhythmic high-amplitude spikes or sharp-wave epileptiform activity for ≥ 5 min (as in [@R45]). The second group (epileptiform activity, EA) was comprised of animals that showed continuous epileptiform activity of ≥ 10 s but \<5 min, and the third group consisted of animals that did not exhibit any change in electrographic activity compared to their baseline signals. For both the SE and EA groups, seizure onset was operationally defined as the appearance of continuous rhythmic, high-amplitude spikes or sharp-wave activity for ≥ 10 s. Both of these groups were included in the analysis of latency to abnormal electrographic activity ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). However, only the SE group was included in further analyses because the intention of this paper was to focus on OP- or NA-induced SE in an immature population. "Electrographic/EEG seizure activity" refers to both SE and periodic EA.

2.5. Fluoro-Jade B staining {#S11}
---------------------------

### University of Utah {#S12}

After DFP exposure and the 24 h of EEG and video recording, rats were deeply anesthetized with isoflurane and perfused with 10% neutral-buffered formalin (Sigma-Aldrich, St. Louis, MO). Following several days incubation in 10% formalin, brains were transferred to 30% w/v sucrose prior to subsequent freezing. Consecutive 40 μm coronal sections were made using a cryostat and mounted onto slides. Sections were then stained with Fluoro-Jade B, a marker for injured neurons ([@R41]). Sections were incubated with 0.06% KMnO~4~ (Sigma-Aldrich, St. Louis, MO) followed by 0.001% Fluoro-Jade B (Millipore, Temecula, CA). Following air drying, slides were cleared with xylene, and coverslips were mounted with DPX (VWR, Radnor, PA). Every third section was visualized on a Hamamatsu Nanozoomer 2.0 HT (Olympus, Center Valley, PA).

### USAMRICD {#S13}

Following the 30-min EEG recording period performed 24 h after sarin or VX administration, rats were deeply anesthetized with sodium pentobarbital (75.0 mg/kg, i.p.) and perfused with saline, followed by 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO). Brains were post-fixed in 4% paraformaldehyde for at least 24 h, then cut in the coronal plane into 3--4 mm blocks, paraffin-processed, and sectioned on a microtome at 5 μm. Mounted sections were then incubated in 0.06% KMnO~4~ followed by 0.001% Fluoro-Jade B (Millipore, Temecula, CA). Sections were air dried, cleared with xylene and coverslipped with DPX (Sigma-Aldrich, St. Louis, MO). For both DFP- and NA-exposed animals, presence or absence of Fluoro-Jade B staining in 3 consecutive visualized slides was the criterion for whether a particular animal was considered to have damage ([Table 1](#T1){ref-type="table"}).

2.6. Statistical analyses {#S14}
-------------------------

Differences between the PND14-PND70 age groups for mortality and the presence or absence of seizures were examined using a Chi-squared test of independence. Differences between male and female animals within each age group were compared using Fisher's exact tests. Significant differences between ages for latency to the first electrographic seizure were calculated using a one-way ANOVA with further comparisons using Tukey's test. Comparisons between male and female animals for latency to the first electrographic seizure in the PND21 and 28 groups were performed using Student's t-tests; for the PND70 group the comparison was performed with a Mann-Whitney test due to significant differences in variance. Statistical tests were performed using GraphPad Prism 6 (San Diego, CA). For all tests, p \< 0.05 was considered significant.

3. Results {#S15}
==========

3.1. Behavior in rat pups and young adult controls in response to OP or NA exposure {#S16}
-----------------------------------------------------------------------------------

Animals exposed to DFP, sarin or VX displayed some similar behaviors across all age groups. Rat pups and PND70 adults showed toxic signs characteristic of excessive cholinergic stimulation, which included gasping, gagging, lacrimation, urination, hypersalivation, muscle twitching and/or fasciculations. Scratching, limb extension, Straub tail, chewing, ataxia, and head bobbing were also observed; full body tremors or what might be considered behavioral convulsions were seen and sometimes occurred later than the initial cholinergic toxic signs, as was the case after exposure to VX. Not every animal had the full complement of these behaviors, and the severity of the behaviors varied between animals, even within the same age group; the different doses of agents used within an age group certainly contributed to this variability in responses. In addition, the acute stereotyped clonic seizures that are typically associated with the initiation of electrographic seizure activity following chemoconvulsant administration or kindling in adult ([@R36]) or immature ([@R42]; [@R51]) animals were not evident in any age group of these immature (PND14, 21 or 28) rats. Rearing accompanied by forelimb clonus was rarely observed in the hours after the initiation of electrographic seizure activity following DFP or NA administration in these younger age groups. Furthermore, we did not observe any discrete behaviors or an obvious increase in severity of the behaviors associated with the initiation of abnormal EEG activity in animals exhibiting electrographic seizures. It was quite common for animals to display forelimb extension, chewing, Straub tail, and robust full body tremors with no accompanying EEG indication of seizure, particularly in the youngest age groups. In some cases these behaviors foreshadowed the development of EEG seizure activity, but just as often they could persist for \>1 h and then slowly fade away without the animal ever developing EEG evidence of seizure activity. In pups that did not exhibit electrographic seizure activity or that developed only brief EA activity, DFP-associated behaviors began to diminish 2--3 hr following administration in PND21 and 28 pups, and approximately 1 h after DFP administration in PND14 pups. Similarly, in rats that did not develop electrographic seizures in response to sarin or VX exposure or developed just brief EA activity, toxic signs began to decrease 1--2 h following administration. In animals that did display SE seizures, the OP-induced behaviors continued longer, although with diminishing intensity over time. Recovery from OP-induced behaviors was faster in younger animals (PND14-28) than in PND70 adult animals. Adult rats that developed SE seizure activity following sarin or VX exposure displayed all the behavioral signs and EEG changes described in rats that developed seizures following intoxication with the nerve agent soman ([@R27]), although the behavioral activity and EEG changes were slower in animals exposed to VX compared to those exposed to sarin. As the seizures persisted, these animals often became prone. Adult animals that did not develop EEG seizure activity or only developed brief EA often still exhibited chewing, head bobbing, and whole-body tremors with occasional Straub tail, but never developed the initial rhythmic clonic movements of the facial muscles and ears or clonic forepaw movements seen in the animals at the onset of SE seizures. The chewing, head bobbing, and whole-body tremors and Straub tail could persist for as long as 1--2 hr after administration and then slowly diminished. In animals that developed SE following NA exposure, the rhythmic head clonus continued with diminishing intensity as the recording session progressed. This head clonus was most apparent in the PND70 adults and less so in the younger (PND14-28) animals.

3.2. Susceptibility to electrographic seizure activity {#S17}
------------------------------------------------------

### DFP {#S18}

Following DFP administration, 23--28% of PND14, 21, and 28 animals and 66% of PND70 animals developed electrographic seizure activity ([Fig. 1A and E](#F1){ref-type="fig"}). Of those animals that developed electrographic seizure activity, the majority in all age groups, 8/8 PND14, 19/23 PND21, 13/14 PND28, and 33/33 PND70, developed SE and the rest displayed EA ([Fig.1D](#F1){ref-type="fig"}). It is important to note that all animals displayed the behavioral signs detailed above. Using a Chi-square test for trend, we found a strong relationship between increased age and seizure susceptibility (p \< 0.0001). However, Fisher's exact tests showed no significant differences between male and female rats within each age group in the development of EEG seizures (data not shown).

### Sarin {#S19}

Of the 25 PND14 animals included in the analysis (see note below) that were exposed to varying doses of sarin, none exhibited either SE or EA. Relative to DFP, sarin treatment elicited more electrographic seizure activity across the other age groups; the rate in PND21 animals was 34%, and in PND28 the rate was 46%, while PND70 adults had the highest rate of electrographic seizure activity, with 95% of animals entering SE or EA ([Fig. 1B and E](#F1){ref-type="fig"}). Similar to DFP, there was a significant association between age and seizure susceptibility (p \< 0.0001), as is evident in [Fig.1A](#F1){ref-type="fig"}. As in the DFP-treated animals, most sarin-treated animals that exhibited EEG seizure activity developed SE (8/10 PND21s,11/12 PND28s, and 16/19 PND70s) with the remainder displaying EA as defined above ([Fig. 1D](#F1){ref-type="fig"}). Also, note that one PND14 did develop spike and wave electrographic seizure activity that began 208 min after sarin exposure ([Fig. 2B](#F2){ref-type="fig"}) that was \>5.5 times longer than the next longest latency to abnormal electrographic activity after sarin administration in any of the other age groups. This was the only PND14 pup to show any seizure or abnormal electrographic activity of the 26 animals in this age group exposed to sarin. Because this single animal was an apparent outlier, its latency and neuropathology data were omitted from the analysis.

### VX {#S20}

As with sarin, of the 22 PND14 pups exposed to VX, none displayed abnormal electrographic activity ([Fig. 1C and D](#F1){ref-type="fig"}). In PND21 pups treated with VX, 40% exhibited electrographic seizures, while only 21% of the PND28 animals developed seizures ([Fig. 1E](#F1){ref-type="fig"}). Only 46% of the PND70 animals displayed abnormal electrographic activity, as compared to 66% with DFP and 95% with sarin ([Fig. 1E](#F1){ref-type="fig"}). Although there was a significant correlation between seizure susceptibility and age (p \< 0.01), the relationship was not as clear as for DFP or sarin. Similar to DFP and sarin, if electrographic seizures were generated following VX administration, those animals most often experienced SE (6/8 PND21 pups, 4/5 PND28 pups, and 9/10 PND70 adults; see [Fig. 1D](#F1){ref-type="fig"}).

Note that the PND21, 28, and 70 OP- and NA-exposed animals in the EA category showed high-amplitude continuous seizures consistent with SE, but died before exhibiting these electrographic characteristics for the required 5 min and therefore were categorized as having EA. Finally, there was no apparent relationship between the severity of toxic signs and the subsequent development of electrographic seizure activity. This divergence was most pronounced in the younger age groups (PND14, 21 and 28) with DFP and VX administration.

3.3. Latencies to toxic signs and first electrographic seizure activity {#S21}
-----------------------------------------------------------------------

### DFP {#S22}

While toxic signs and convulsive behavior (defined as whole-body tremors) began within minutes of DFP administration for all ages, the latency to the first electrographic seizure (for animals that showed EEG seizure activity) was variable across the age groups, and many animals did not display electrographic seizures until well over 1 h after initial DFP treatment ([Fig. 2A](#F2){ref-type="fig"}). Following DFP exposure, PND21 and PND28 animals displayed a wide range of latencies to the initiation of electrographic seizure activity (44.0 ± 48.9 min and 29.4 ± 18.0 min, respectively; mean ± SD). PND14 (17.6 ± 8.9 min) and PND70 (11.6 ± 6.5 min) animals showed a more discrete clustering of latencies to SE or EA. There were no significant differences in the latency to first EEG seizure between male and female rats at PND21, 28 or 70 (two-tailed Student's t tests with post-hoc Mann-Whitney tests; data not shown).

### Sarin {#S23}

Administration of sarin usually elicited toxic signs and behavioral convulsions within minutes, and these were followed---most often within 10 min or less and never more than 21 min after administration---by electrographic seizure activity ([Fig. 2B](#F2){ref-type="fig"}). Sarin initiated electrographic seizure activity in a more narrow time window than did either DFP or VX. This latency was 8.8 ± 4.9 min (mean + SD) for PND21 animals, 12.0 ± 4.3 min for PND28 animals, and 6.8 ± 4.0 min for PND70 animals. Although most sarin-exposed animals showed toxic signs, not all showed behavioral convulsions (tremors and fasciculations), which was most likely due to rapid mortality.

### VX {#S24}

In animals exposed to VX, toxic signs occurred later in relation to administration than with either DFP or sarin, usually 5--20 min post-exposure ([Fig. 2C](#F2){ref-type="fig"}). Behavioral convulsions were also much later relative to exposure with VX and were usually disassociated in time from initial toxic signs, such as chewing, often by many minutes. Electrographic seizure activity in response to VX generally occurred later in PND70 animals than in PND21 and 28 pups, with electrographic seizure activity initiating 40.9 ± 27.0 min (mean + SD) after VX administration in PND70 animals and 14.5 ± 6.1 and 18.7 ± 7.0 min post-VX in PND21 and 28 animals, respectively. It is important to note that it was common for VX-exposed animals to show an array of toxic signs, sometimes up to and including behavioral convulsions, without ever showing abnormal electrographic seizure activity. While there was divergence between behavioral signs and electrographic activity in response to all compounds, it occurred more often in response to VX and DFP, and occurred not only in pups but even in some adult animals exposed to these compounds.

3.4. Electrographic activity {#S25}
----------------------------

### DFP {#S26}

Eight of 30 PND14 rat pups treated with DFP showed brief periods (\~30 min) of rhythmic, polyspike SE activity that spontaneously ended with no further epileptiform activity ([Fig. 3A](#F3){ref-type="fig"}). In contrast, PND21, 28 and 70 animals experienced robust SE that lasted 4--6 hr and then tapered off into interictal spiking and/or spontaneous bursts of seizure activity ([Figs. 4](#F4){ref-type="fig"}--[6](#F6){ref-type="fig"}). In the PND21 animals, 19 of 82 had electrographic SE, as did 13 of 46 PND28 animals and 33 of 50 PND70 adults; 4 PND21 and 1 PND28 had EA ([Fig. 2A](#F2){ref-type="fig"}). While the EEGs of PND14 pups returned to baseline following cessation of SE ([Fig. 3A](#F3){ref-type="fig"}), the EEGs in older animals that developed SE rarely returned to pre-DFP levels during the time of recording ([Fig. 5](#F5){ref-type="fig"}). At 23--24 hr following DFP administration, 7 of 9 PND21 SE rats had either spontaneous bursts of seizure activity (n = 4) or interictal spiking (n = 3), while 7 of 12 PND28 SE rats had interictal spiking, and 1 of 12 showed both spiking and spontaneous bursts of seizure activity ([Fig. 7A and B](#F7){ref-type="fig"}). Of the 9 PND70 SE animals, 2 had spiking, 2 had spontaneous bursts of seizure activity, 4 had both types of abnormal electrographic behavior, and 1 animal continued in SE during the 23--24 hr period after DFP administration.

### Sarin {#S27}

With the exception of the one pup noted earlier, none of the 23 PND14 pups that were exposed to sarin showed any abnormal electrographic seizure activity ([Fig. 3B](#F3){ref-type="fig"}). For the PND21 pups exposed to sarin,10 of 29 exhibited either EA or SE; 2 of the 10 animals exhibited EA and spontaneously ceased seizure activity after 5--8 min, while the other 8 developed SE ([Fig. 2B](#F2){ref-type="fig"}). In the PND28 group, 12 of 26 animals exhibited EA or SE; the one animal that developed EA spontaneously stopped seizing after 17 min, while the remaining 11 animals developed SE ([Fig. 2B](#F2){ref-type="fig"}). PND70 animals showed a much more robust and consistent response to sarin than did younger animals ([Fig. 6](#F6){ref-type="fig"}), with 19 of 20 PND70 animals exhibiting EA or SE; 3 animals developed EA seizures that stopped within 5--15 min, while the remaining 16 animals developed SE ([Figs. 2B](#F2){ref-type="fig"} and [Fig. 6](#F6){ref-type="fig"}). At 24 h following administration of sarin, of the animals that exhibited SE and survived to that point, 1 of 3 PND21 animals, 1 of 1 PND 28 animal, and 4 of 4 PND70 animals still exhibited electrographic seizure activity that consisted of interictal spiking and/or spontaneous bursts of seizure activity ([Fig. 7C](#F7){ref-type="fig"}).

### VX {#S28}

As with sarin administration, none of the PND14 animals exposed to VX (0 of 18) exhibited any abnormal electrographic seizure activity during the recording periods ([Figs. 2C](#F2){ref-type="fig"} and [Fig. 3B](#F3){ref-type="fig"}). In PND21 pups, 8 of 20 animals displayed EA or SE; the 3 animals that developed EA spontaneously stopped 3--10 min after seizure onset, while the other 5 animals developed SE ([Figs. 2C](#F2){ref-type="fig"} and [Fig. 4](#F4){ref-type="fig"}). In the PND28 pups, 5 of 23 displayed EA or SE in response to VX administration, and, as in the PND21 pups, the one animal that showed EA spontaneously stopped seizing 2 min after seizure onset, while the other 4 animals developed SE ([Fig. 2C](#F2){ref-type="fig"}). VX elicited more consistent electrographic seizure activity in PND70 animals than in younger animals with 10 of 21 PND70 animals displaying seizure activity,1 having brief EA and the others SE ([Fig. 2C](#F2){ref-type="fig"}). At 24 h post-exposure, of the animals that experienced EEG seizure activity and survived to that point, 2 of 3 PND21 pups and 1 of 1 PND70 animal still exhibited interictal spiking usually in combination with spontaneous bursts of seizure activity ([Fig. 7D and E](#F7){ref-type="fig"}).

3.5. 24 h Mortality {#S29}
-------------------

### DFP {#S30}

Mortality resulting from DFP occurred in all age groups: PND14 pups 37%; PND21 pups 48%; PND28 pups 39%; and adult PND70 rats 38%. There were no significant differences in mortality between age groups (Chi-square test; data not shown).

### Sarin {#S31}

Mortality due to sarin also occurred in all age groups: PND14 pups 61%; PND21 pups 34%; PND28 pups 27%; and adult PND70 rats 65%. This U-shaped curve displayed a significant relation between age and mortality as shown by a Chi-square test for trend (p \< 0.01), which was no doubt due to the different challenge doses of sarin chosen for each age group.

### VX {#S32}

VX also caused mortality at all ages, but the proportion of mortality was notably lower than with administration of DFP or sarin: PND14 pups 11%; PND21 pups 15%; PND28 pups 17%; and adult PND70 rats 33%. There were no significant differences in mortality between age groups (Chi-square test).

Across all agents and age groups, there were no statistical differences in mortality between male and female rats (Fisher's exact tests with two-tail P values). [Fig. 1F](#F1){ref-type="fig"} shows the numbers of male and female animals in each age group that died or survived for 24 h following exposure to each agent. For DFP and sarin, much of the mortality occurred within the first 15 min after administration, presumably from acute respiratory effects. Once animals entered SE, for animals exposed to DFP, the mortality rate dropped: only 2 of 8 PND14, 2 of 24 PND21, 3 of 15 PND28, and 5 of 30 PND70 rats died after the onset of SE. With sarin and VX, animals were more likely to die during SE. Of the animals that entered SE following sarin exposure, 4 of 7 PND21, 5 of 6 PND28, and 14 of 18 PND70 rats died. Similarly for VX, 2 of 5 PND21, 2 of 5 PND28, and 7 of 8 PND70 rats died during SE.

3.6. Fluoro-Jade B staining {#S33}
---------------------------

Neural damage was apparent in several regions of the brains of animals in all age groups that experienced SE for greater than 1 h in response to DFP or the NAs ([Table 2](#T2){ref-type="table"}), and this damage was age-specific. Fluoro-Jade staining was evident in at least two of the five structures that were evaluated, and the frequency and extent of the damage was greatest in the adult PND70 animals ([Fig. 8](#F8){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). Following DFP exposure, there was an increase in the number of animals sustaining damage in the hilus, laterodorsal thalamus, and parietal cortex that correlated with increasing age of the animal ([Fig. 8A1--A4](#F8){ref-type="fig"}). PND14 rat pups and a PND28 rat that exhibited SE for \<1 h after administration of DFP showed some neuronal damage ([Fig. 8A1 and A3](#F8){ref-type="fig"}; [Table 2](#T2){ref-type="table"}), but not to the extent that older animals did. All the animals (PND21, 28, and 70) exposed to either sarin or VX that showed seizure activity for \>1 h showed damage to at least two of the five structures that were evaluated, and the frequency and extent of the damage was again greatest in the adult PND70 animals ([Table 1](#T1){ref-type="table"}; [Fig. 8B1--4 and C1--4](#F8){ref-type="fig"}). Also, animals in all age groups that did not develop SE following DFP, sarin, or VX administration did not have neuronal damage in the regions listed, nor in any other region in the brain, even if they displayed prolonged behavioral convulsions ([Fig. 8A5, B5 and C5](#F8){ref-type="fig"}). In addition, in sarin- and VX-treated animals in which seizure activity occurred for \<1 h following onset, there was no neuronal damage in the brain regions that were analyzed quantitatively or observed informally in any other regions.

4. Discussion {#S34}
=============

This study characterized the relations between toxic behavioral responses, electrographically recorded seizure activity and neurological damage in immature and young adult rats using the OP compound DFP and the nerve agents sarin and VX. While exposure to each of these three agents elicited some distinct characteristics in all of the different age groups, in general the animals displayed similar responses to all of the agents and did so in an age-dependent manner. It should be noted that comparisons between age groups need be made with caution since different doses of the three toxic agents were used both within and across the different age groups; however, at least for DFP, the differences in doses across the three immature age groups (even PND14) were relatively small and seemed unlikely to be the basis for the apparent age-related differences in seizure probability and intensity. Furthermore, while different doses of the agents were used, they were adjusted for each agent to be age-appropriate and approximately equipotent for eliciting seizure activity.

4.1. Age-dependence of seizure activity and SE after OP or NA exposure {#S35}
----------------------------------------------------------------------

Across all three agents, the adult PND70 animals were more susceptible to developing consistent seizures and SE than the immature animals. PND14 animals almost never developed seizures or SE in response to sarin or VX. With DFP, periods of seizure-like activity did develop in a subset of PND14 animals, but this abnormal activity was not sustained for \>1 h and spontaneously stopped in all cases. With all three agents, seizure activity developed in greater proportions as older age groups were tested, and the proportion of animals in which this seizure activity developed and then spontaneously stopped declined in a similar age-dependent fashion. Admittedly, different dose ranges were used depending upon the agent and age group, so direct comparisons must be made with this caution. Yet when agent-and age-appropriate doses were used, the ability of these three toxic compounds to elicit sustained seizure activity that developed into SE appeared to be age-dependent and similar across compounds.

4.2. Behavioral effects of OP or NA administration {#S36}
--------------------------------------------------

The behavioral correlates of OP- or NA-intoxication in the immature animals most often did not predict electrographic seizure activity. Animals in each age group displayed similar behavioral effects after exposure to DFP, sarin or VX whether seizures developed or not. Many toxic signs and behaviors, such as chewing, head bobbing, whole-body tremor, convulsive-like movements, and Straub tail, were common to all ages across all exposure agents as might be expected for compounds that share a similar toxic mechanism of action. Behaviors that might be expected to occur during the initiation of electrographic seizures, (i.e., forelimb clonus, rearing and falling), and commonly seen in kindling ([@R36]) were surprisingly absent, especially in the younger animals (PND14, 21 and 28).

4.3. Relative value of electrographic activity versus behavior in assessment of seizures and subsequent brain damage {#S37}
--------------------------------------------------------------------------------------------------------------------

Another finding common to all agents and all age groups was that neural damage was only observed in animals that developed sustained SE, and in the case of the two NAs, this activity had to persist for \>1 h. Because younger animals (i.e., PND14, 21 and 28) were less susceptible to developing SE with these agents, and when SE did develop it tended to resolve earlier than in the PND70 adults, the younger age groups showed damage in fewer brain areas than the adults. All PND70 animals that developed SE that was sustained for \>1 h, regardless of whether the SE was elicited by DFP, sarin or VX, had damage in all the brain areas that were studied. The finding that animals that developed toxic/convulsive signs alone, but did not exhibit prolonged SE did not show neurological damage indicates that caution must be used in interpreting convulsive behavior as indicative of seizure activity in the absence of EEG monitoring. In a recent paper, [@R31] stated that PND21 rats exposed to the NA soman developed convulsive behaviors which they interpreted as SE, but these animals did not display any evidence of neuropathology as determined by absence of Fluoro-Jade staining in the amygdala, hippocampus or other brain areas at either 24 h or 7 days after exposure. They also reported a reduction in amygdala and hippocampal volumes in PND21 animals exposed to soman when measured 30 or 90 days after exposure along with impairment in fear conditioning and an increase in anxiety-like behaviors at 30 days, but not 90 days, following exposure; these brain volumetric changes and behavioral deficits could be blocked if animals received a GluK1 receptor antagonist 60 min after exposure. In contrast, the present results show that frank neural damage, as indicated by robust Fluoro-Jade staining 24 h after exposure, can be elicited by the NAs sarin and VX when sustained SE is confirmed with EEG. Many research groups use the Racine scale ([@R36]) to grade the development of convulsive behaviors that presumably indicate the concurrent electrographic seizure activity. The Racine scale of behavioral concomitants of seizures was originally based on observations in kindled animals, not in animals treated with chemoconvulsants, especially OP or NA compounds. Several toxic signs of excess cholinergic stimulation, such as chewing, tremors, head bobbing and fasciculations, are defining features of early stage Racine scale seizures, but can also be elicited by a purely peripherally acting compound ([@R2]). Straub tail has also been used as a behavioral indication of seizure in developing rats ([@R54]), although this phenomenon is simply a reflex action that originates in the spinal cord and manifests at the neuromuscular junction ([@R22]; [@R7]). OPs and NAs often render the animal unable to stand, such that rearing or rearing with falling accompanied by forelimb clonus is only rarely seen in the development of SE with NAs ([@R8]; [@R27]). Therefore, although use of behavioral measures alone to assess the effects of convulsive compounds is known to have limitations in adult animals, this approach is even more problematic in immature rodents.

4.4. Decreased -- not increased -- susceptibility of immature animals to the seizure-inducing effects of OPs and NAs {#S38}
--------------------------------------------------------------------------------------------------------------------

The current thinking that suggests that very young animals are more susceptible to OP- or NA-induced seizures is not supported by these results. The data with DFP, sarin and VX support the contrary notion that while the compounds are highly lethal, it is more difficult to induce electrographic seizure activity in immature animals using age-appropriate and approximately equipotent toxic doses. The most striking example of this was in PND14 animals, where more than 45 rats were exposed to sarin or VX, and although all of the animals displayed at least some convulsive behavior (as described), none of them demonstrated electrographic seizure activity. There could be several explanations for these observations. An immature cholinergic system could contribute to the low percentage of EEG seizures in immature animals. Consistent with this proposal, genetic knockout studies in mice have shown that seizures are elicited by cholinomimetics, such as pilocarpine, through stimulation of the M1 muscarinic receptor ([@R16]). In rats, the M1 muscarinic receptor is only at 70% of adult levels at PND14 and at 90% at PND21 ([@R21]). However, recent work from [@R50] showed that rat pups as young as PND7 can develop SE and widespread neuronal injury in response to lithium-pilocarpine treatment, which suggests that the M1 receptor system is mature enough at that age to support cholinergically induced SE under the appropriate experimental conditions. The biggest difference between the lithium-pilocarpine SE models and the OPs used here is that pilocarpine is a direct agonist at M1 receptors. In contrast, OPs act as indirect agonists by inhibiting AChE, and the resultant high levels of acetylcholine act at all central and peripheral muscarinic and nicotinic receptors. It is quite possible that the indirect cholinergic agonists -- like the OPs -- cannot mimic the high levels of M1 stimulation produced by pilocarpine in these younger animals. Several studies have shown that brain AChE levels in subcortical regions of rodents progressively increase postnatally to adult levels, usually by 20--60 days ([@R48]; [@R6]; [@R20]). The expression pattern appears to be more complex in the neocortex, depending upon the cortical area studied ([@R15]). Postmortem studies in humans show an increasing level of choline acetyltransferase, which commonly parallels AChE levels, in hippocampus and entorhinal cortex throughout the first several decades of life ([@R32]). As stated above, M1 receptors in rats show a progressive increase from 30% in PND7, 70% in PND14, 90% in PND21, to adult levels in PND28 animals that parallels the increase in AChE levels ([@R21]). Because of these differences between enzyme levels and receptor levels, it might be speculated that this could account for the increased lethal effects of these agents at lower doses in younger animals in the absence of seizures, while post-weanling animals require higher doses and are susceptible to the seizurogenic potential of these agents.

4.5. OP- or NA-induced neuronal damage was highly dependent on the duration of seizure activity {#S39}
-----------------------------------------------------------------------------------------------

Most investigators agree that neuronal damage after administration of chemoconvulsant compounds correlates with the age of the animal at the time of exposure. Similar to the current results, other workers have also observed increases in neuronal damage, with the increasing age of the animal at the time of the injury, with SE-provoking chemoconvulsants such as kainic acid and pilocarpine ([@R9]; [@R47]; [@R35]; [@R38]; [@R58]; [@R13]; [@R26]). Specifically, 24 h after treatment with pilocarpine, older but still immature animals had greater neuronal damage in the parietal cortex ([@R26]) and hilus ([@R38]) than did younger immature animals.

In our study, neuronal damage in response to DFP-, sarin- or VX-induced SE increased not only with age, but also with the length of electrographic SE. For example, PND21 animals that were treated with DFP and displayed electrographic SE for \>1 h had a lower percentage of damage in the hilus, LD thalamus and parietal cortex than did PND28 and PND70 rats. Furthermore, following DFP treatment, fewer PND28 rats showed damage in the parietal cortex than PND70 animals with damage in this region. PND14 animals showed the least amount of damage, although this could also be due to the short duration of SE after DFP treatment ([Table 2](#T2){ref-type="table"}). A time-dependence for neuronal injury and death has been described in kainate-treated ([@R10]), pilocarpine-treated ([@R23]) and NA-treated animals ([@R19]; [@R28]). These trends were also observed in our DFP- and NA-treated animals, animals that only exhibited short SE or EA showed little or no damage, whereas animals with longer sustained SE experienced greater neuronal damage.

4.6. Dose dependence of OP and NA effects on seizures and neuronal injury {#S40}
-------------------------------------------------------------------------

For all agents and ages, the dose window between evoking EEG seizures versus causing death was very narrow, which has long been a methodological problem for studies with chemoconvulsive compounds, particularly with OPs and NAs. If no pretreatments or therapies are used with OPs and NAs, and the challenge dose of DFP or NA is high enough to elicit seizures, test animals fall into one of three categories: (1) The animals develop toxic signs but do not develop EEG evidence of sustained seizures. In these animals the toxic signs usually subside slowly over many hours, and most of these animals will survive for 24 h and will display no brain pathology. This first category represents \~40% of a tested group. (2) The animals die shortly (5--10 min) after agent exposure or seizure onset from either fulminating pulmonary edema or apnea. In the case of NAs, some of the remaining animals that do not die immediately continue to have seizures but die overnight. This second category represents \~40% of a test group. (3) Animals develop sustained SE with obvious robust seizures and survive for 24 h. Most of these animals still display epileptiform activity, continued SE, bursts of EEG spikes and/or isolated spike discharges or some combination of the above. This abnormal activity typically resolves over several days. These survivors at this point are also in a fragile physical condition having lost substantial body weight and require special care (e.g., s.c. fluids, mash) over several days to encourage feeding and minimize further mortality. These animals will invariably display widespread neuropathology, as has been described in rodent models of DFP-, NA-, or pilocarpine-induced SE ([@R53]; [@R28], [@R30]; [@R11]; [@R49]; [@R42]; [@R34]). This third category typically represents \~20% of a test group. The use of specific pretreatments (e.g., pyridostigmine, HI-6) along with low doses of centrally or peripherally acting anticholinergics (e.g., atropine sulfate, atropine methyl nitrate) allows the use of higher challenge doses of either DFP or the NAs ([@R43]; [@R44]; [@R12]; [@R33]; [@R34]). The use of peripherally acting anticholinergics is also common in the pilocarpine and lithium-pilocarpine models of SE to minimize mortality ([@R53]; [@R9]; [@R42]). This increases the percentage of animals that develop sustained seizures and minimizes, but does not eliminate, the early or late mortality. This conclusion about the percentage of animals that display seizures and consequent brain damage is subject to the problems of batch-to-batch variability of DFP potency ([@R18]), which is also seen with pilocarpine and kainate. These factors are the main challenges in achieving substantial numbers of brain damaged long-term survivors when conducting these types of SE experiments.

5. Conclusions {#S41}
==============

Few substantial differences were found between the effects of DFP and those of the two NAs as a function of age in immature rats. This lends weight to the use of DFP as a surrogate for NA effects in both immature and adult animals ([@R12]; [@R33]; [@R34]). Likewise, no notable differences were found between male and female animals at any age in response to DFP or the NAs in development of SE or neuronal injury. Older immature rat pups (PND21 and PND28) were more similar to adult animals (PND70) than to PND14 pups in terms of EEG seizure behavior and neuronal damage. Since the youngest animals, (i.e., the PND14 pups) were unable to sustain electrographic seizures for very long periods (DFP), or even at all (sarin, VX), the older groups of immature animals (i.e., PND21 and 28 pups) may be more suited as models to evaluate the seizurogenic effects of exposure to OP pesticides or NAs in the pediatric population. As in adult animals, only those immature animals that developed sustained electrographic seizure activity had neuropathological damage. Because no reliable behavioral indicators correlated with electrographic seizures in immature rats, this study reinforces the conclusion that behavioral indices alone are insufficient to establish the presence or absence of electrographic seizures. Therefore, it is crucial to instrument animals when investigating the effects of chemoconvulsants such as OPs and NAs on electrographic seizure activity and neuronal damage.
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![A--C, Percentage of PND14, PND21, PND28 and PND70 animals that displayed electrographic seizure activity following the administration of DFP (A), sarin (B) or VX (C). EA is defined as continuous epileptiform activity of ≥10 s but \<5 min, and SE is defined as continuous rhythmic high-amplitude or sharp-wave activity for ≥ 5 min. D, n for electrographic seizure activity ((A--C)). E, percentage of animals with electrographic seizure activity ((A--C)). F. numbers of male and female animals in each age group that died or survived for 24 h following exposure to each agent.](nihms969037f1){#F1}

![The latency to abnormal electrographic activity was dissociated from the latency to behavioral signs following the administration of DFP (A), sarin (B) or VX (C). Although toxic signs that included convulsive-like behaviors began within minutes of NA or DFP administration, the first electrographic signs of seizure activity sometimes did not occur until an hour or more following the administration of one of the OPs. The shaded area on each graph represents the time within which toxic signs appeared. Rats that survived for more than 15 min had either SE (●) or epileptiform activity (▲, EA). Some animals died within 15 min after DFP administration, but exhibited abnormal electrographic activity before death (○, SE; △; EA).](nihms969037f2){#F2}

![EEG recordings of representative PND14 pups following DFP (A) or VX (B) administration. For A, the traces show the different stages of DFP-induced SE; (1) shows baseline, (2) indicates initiation of seizures, (3) shows SE, (4) indicates SE attenuation, (5) shows the return to baseline. The arrow indicates the time of DFP administration. PND14 pups treated with DFP had seizure activity that lasted \<1 h. In B, 5 regions throughout the EEG record were expanded and illustrate that EEG activity did not change over time compared to baseline in response to VX administration (arrow). With the exception of one animal, PND14 pups exposed to sarin showed the same lack of change from baseline activity as those exposed to VX.](nihms969037f3){#F3}

![Representative PND21 EEG recording following VX administration. (1) shows baseline, (2) initiation of seizures, (3) SE, (4) SE attenuation, (5) continued epileptiform spiking. The arrow indicates VX administration. Exposure to DFP and sarin at this age resulted in similar EEG profiles when animals developed SE.](nihms969037f4){#F4}

![Representative EEG record at PND28 following DFP administration. (1) baseline, (2) initiation of seizures, (3) SE, (4) SE attenuation, (5) continued epileptiform spiking. The arrow indicates DFP delivery. Exposure to sarin and VX at this age resulted in similar EEG profiles when animals developed SE.](nihms969037f5){#F5}

![Representative EEG recording at PND70 after sarin administration. (1) baseline, (2) initiation of seizures, (3) SE, (4) SE attenuation, (5) continued epileptiform spiking. The arrow indicates sarin administration. Exposure to DFP and VX at this age resulted in similar EEG profiles when animals developed SE.](nihms969037f6){#F6}

![Electrographic seizure or epileptiform activity is still present in many of the animals that developed SE at 24 h following OP or NA administration. A. Spontaneous seizure in PND21 rat pup (DFP); B. Interictal spiking in PND28 rat pup (DFP); C. Repetitive high frequency bursts interspersed with high-amplitude spikes in PND21 rat pup (sarin); D. Interictal spiking in PND28 rat pup (VX); E. Spiking and brief seizure in PND70 adult (VX).](nihms969037f7){#F7}

![Increasing neuronal damage in the hilus correlated with increasing age of the rat pup. Brain sections stained with Fluoro Jade B from representative animals are shown here. Note that no Fluoro Jade B staining was observed in the brains of rat pups that only displayed convulsive behaviors and did not develop sustained SE (last column). Bregma −2.16 to −3.00. Cal bar is 250 μm.](nihms969037f8){#F8}

###### 

Incidence of neural damage in animals that displayed SE \>1 h.

          HILUS   LATERODORSAL THALAMUS   BASOLATERAL AMYGDALA   PIRIFORM CORTEX   PARIETAL CORTEX                                                              
  ------- ------- ----------------------- ---------------------- ----------------- ----------------- ----- ------- ----- ----- ------- ----- ----- ------ ----- -----
  PND14   N/A     0/1                     N/A                    N/A               0/1               N/A   N/A     0/1   N/A   N/A     0/1   N/A   N/A    0/1   N/A
  PND21   6/10    3/3                     2/3                    5/10              2/3               2/3   10/10   3/3   2/3   10/10   2/3   2/3   4/10   2/3   3/3
  PND28   9/9     0/1                     N/A                    9/9               1/1               N/A   9/9     1/1   N/A   9/9     1/1   N/A   7/9    0/1   N/A
  PND70   9/9     4/4                     1/1                    9/9               4/4               1/1   9/9     4/4   1/1   9/9     4/4   1/1   9/9    4/4   1/1

###### 

Incidence of neural damage in animals that displayed SE \<1 h.

          HILUS   LATERODORSAL THALAMUS   BASOLATERAL AMYGDALA   PIRIFORM CORTEX   PARIETAL CORTEX                                                         
  ------- ------- ----------------------- ---------------------- ----------------- ----------------- ----- ----- ----- ----- ----- ----- ----- ----- ----- -----
  PND14   3/8     N/A                     N/A                    0/8               N/A               N/A   0/8   N/A   N/A   8/8   N/A   N/A   0/8   N/A   N/A
  PND21   1/2     0/2                     0/2                    0/2               0/2               0/2   1/2   0/2   0/2   1/2   0/2   0/2   0/2   0/2   0/2
  PND28   N/A     0/3                     0/3                    N/A               0/3               0/3   N/A   0/3   0/3   N/A   0/3   0/3   N/A   0/3   0/3
  PND70   N/A     N/A                     0/1                    N/A               0/1               N/A   N/A   N/A   0/1   N/A   N/A   0/1   N/A   N/A   0/1

[^1]: Co-first authors.
